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ABSTRACT 

We have developed earlter a computer model which simulates, in principle, 
the chemical changes in the photooxidation of hydrocarbcms using as input data a 
set of elementary reactions, corresponding kinetic rate data and apprc^riate ini- 
tial conditions. 

During the past year we have further refined die model and exploited it to 
examine more closely the photooxidaticn and photostabilisation of a hydrocarbon 
polymer. The new results lead us to the following observation^! . 

1. The time to &ilure, Xf (chosen na the level of 5% C-H bond oxidation 
which is within the range we would anticipate for marked change in mechan- 
ical propertied varies as the inverse square root of die light intensi^. However, 

T£ is almost unaJ^cted by both the photoinitiator and concentration. 

2 . The time to foilure (tecreases with the rate of abstraction of C~H by 
peroxy radicals but increases with the rate of bimolecular radical 

termination controlled by diffusion . 

3 . Of the various stabilisation mechanisms considered, the trapping of 
peroiqr radicals is distincdy the most effective, although the concom- 

mitant decomposition of hydroperoxide is also desirable . 

4 . For a partially crosslinked polymer where the physical properties are 
not steep functions of crosslink density, it is unlikely that there will be 

dramatic failure modes due to net changes in molecular weight of the polymers. 

5 . Energy loss (power loss) due to polymer light absorption (with yellowii^ 
discoloration) will not be a significant fiiilure mode . 

6. Since the all-important peroxy radicals terminate by bimolecular dis- 
proportionation, at low concentrations they could have lifetimes of iq) 

to several hours, which would affect the extent of dark reactions in the daily cycle 
during outdoor applications. 

Further work in the coming year will include more refinements to approach 
encapsulation grade EVA and thermal considerations. 
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I. INTRODUCTION AND OBJECTIVES 

The JPL Flat-Plate Solar Array (FSA) Program has Identified a number 
of possible configurations for modules containing silicon solar cells suitable for 
construction of a solar energy generating station and also for small-scale applica- 
tions involving the use of solar -generated electricity. Although it appears possible 
now to meet many of the original design criteria for d\e cost of the components of 
these modules, a most critical feature of the design is that the components must 
maintain dielr integrity and function for a minimum efflciency equivalent to 20 years 
in an outdoor environment which features strong solar UV intensity. 

To date, a number of feilure and degradation modes have been identified. 


These include: 


1 . 

Soiling 

6 . Electrical insulation breakdown 

2. 

Cell cracklng/1iot spots 

7 . Encapsulant thermal degradation 

3. 

Interconnect fatigue 

8. ENCAPSULANT PHOTODEGRADATION 

4. 

Structural failure/glass breakage 

9 . Delamination 

5. 

Electrical terminal feilure 

10 . Corrosion 


Ai\y attempt to develop a technology for producing low-cost, long-life 
photovoltaic modules and arrays must therefore come to terms with the weather- 
ing effects ejqperienced by the materials exposed to the sun's ultraviolet, cucygen, 
moisture and the stresses Imposed by continuous thermal cycling, among other 
things. Polymeric substances which could find application as convenient protec- 
tive covers, pottants/adhesives and backcovers undergo slow, complex photooxida- 
tion which changes the chemical and physical properties of these materials. Ab- 
sorption of the ultraviolet in the tail of the solar spectrum can cause the breaking 
of chemical bonds, resulting in embrittlement and increased permeability, or to 
crosslinking which can produce shrinking and cracks. In addition, oxidation often 
leads to discoloration and reduced transpsirency, and to the formation of polar 
groups which could affect electrical properties. 

Much work has already been done to unravel the complexities of photooxida- 
tlve processes and to develop some highly effective light (UV) stabilizers which can 
delay the onset of polymer embrittlement. Excellent reviews have been pre^nted 
recently.^ Some polymer ^sterns have also been exploited to fabricate plastics 
with controlled lifetimes in the short rimge."’^ However, very little is known about 
the ultimate changes that occur in polymeric substances after very long periods 
such as the 20-yejir regime appropriate for economic photovoltaic power plants. 

There is no good way to predict the rates of the chemical and/or physical 
changes which occur from accelerated tests. In part, the problem has been that 
there is no adequate laboratory method to measure these effects over such extended 
times. Furthermore, accelerated tests (in which materials are exposed to higher 
Intensity UV sources in controlled atmospheres) are of limited value in predicting 
rates since there is often no reciprocity between intensity and time of exposure. 
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A new procedure has been adopted in this work directed to developing for 
the first time, a reliable predictive capability for the lifetime of plastic components, 
particularly in solar energy modules. The procedure inclu(fes the following steps. 

1. Identification of feilure mechanisms of plastic components of the modules. 

2 . Determination of the chemical or physical causes of these mechanisms. 

3 . Development of precise analytical procedures to detect these chemical 
or physical chains at an early stage . 

4 . Construction of a computer model using a series of elementary rate equa- 
tions to describe the chemistry and physics of these changes. 

3. Validation of the mathematical mo(fel by comparison of data from real 
but well defined accelerated photochemical systems. 

6 . Prediction of actual performance lifetime by means of real-time moni- 
toring of early degradation in appropriate outdoor locations and, using 
the computerised simulation, extrapolation to very much longer times. 

Other workers in the FSA project have dpne rankii^ studies to select 
optimal material systems which should have tolerable levels of degradation in 
20-25 years and yet meet the other basic design criteria. Of the prime candi- 
dates selected as potential pottant materials, an encapsulant grade of a copoly- 
mer of ethylene-vinyl acetate (EVA, trade name ELVAX, from DuPont) has 
emerged as a front-runner beside the alternate poly(n-butyl acrylate) (PnBA) . 

We have, therefore, selected EVA as the polymer for which this new predictive 
capability will be developed. However, the general method, once refined and 
demonstrated, should find wide application to a wide variety of ^nthetic materials 
where a large number of fundamental reactions gives rise eventually to macro- 
scopic deterioration. Most ’mportantly, this new approach should provide new in- 
sight and understanding of this complex photooxidation process which should prove 
invaluable in the design of new solutions to the problem of stabilisation of polymers. 


n. THE COMPUTER PROGRAM 

Numerical metliods for the solution of any large set of coupled differen- 
tial equations have been developed. The particular method originally due to 
Gear‘d has been applied by Allara and Edelson for the pyrolysis of alkanes^ and 
later by others®’ ' for similar processes. Smog formation and detailed small- 
molecule photochemistry have also been studied by these numerical simulations.^ 
Semi-quantitative prediction has been posslUe in these cases. However, our work 
is the first attempt to simulate photooxidation kinetics in the case of polymers. 

The computer package necessary to generate concentration-time profiles 
from a mechanistic model of elementary reactions and rate data was completed 
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In the first two years. Our mo<tel now consists of a set of reactions (Table I) 
for the basic reaction sequence based (m the now well established mechanism of 
hydrocarbon oxidation. Rate parameters have been assigned to these fundamental 
equations, based on our best estimates from the literature^ (Table I) . The modi- 
fied program calculates by stepwise integration in real time the varying concentra- 
tions of chemical ^cies formed during photooxidation. To validate our numerical 
procedure we employed the data base given for the cesium flare astern and gene- 
rated curves identical to thoM of Edelson^^ for the same system. The excellent 
agreement beta-een predicted and actual rate curves showed that the program 
itself (irrei^ctive of the data base) performs in a satisfactory manner. 


in. MECHANISM OF PHOTOOXIDATIDN 
Amorphous Polyethylene 

Asa starting point for polymer photooxidation we have looked at amorphous 
high-density polyethylene vv^iere we presume that short-range diffusion rates in 
reaction centres should approach that of viscous liquids. In practice, many poly- 
mers will show only chemical changes in the hydrocarbon moiety since bond break- 
age will commonly take place initially in the more labile C~-H and C-'C bonds. 
Initiation will take place following UV absorption by ketone or hydroperoxide groups 
or even fortuitously by some C-H bond cleavage. The possibilities of energy trans- 
fer among different groups have also been inducted in the model. Propagation 
takes place via the formation of peroxy radicals followed by hydrogen atom abstrac- 
tion from the backbone and repeated fast oxygen addition. Peroxy radical chain 
carriers terminate by di^roportionation to form alcohols and ketones. Further 
photolysis of ketone products leads to another autocatalytic chain. The reduced 
set of important reactions consid red and the best literature estimates of cor- 
re^onding rate constants have been summarised in Scheme I. 

Ethylene -Vinyl Acetate Copolymer 

11-13 

Several studies have been carried out on the thermal ctegradation, 
thermal oxidation^*** and photooxidation^® of EVA. 

EVA thermally degrades in two stages. Scission of acetoxy groups occurs 
at 275 to 350 ‘C in a manner similar to that of poly(vinyl acetate) (PVA) causing 
elimination of acetic acid and giving unsaturation by a molecular chain mechanism 
involving adjacent acetate units. The hydrocarbon chains of the polymer residue 
degrade above 400*C . Thus, thermal decomposition of the acetate groig)S in EVA 
can be assumed to be negligible at room temperature . 

Thermal oxidation of EVA occurs mainly in the PE segments following the 
usual autocatalytic radical mechanism analogous to that of polyethylene . The 
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TABLE I. Elementary Reactions In Polymer Photooxldatlon 
and Corresponding Rates 


Reaction matrix Rates 


Ketone 

■ — ^ 

KET* 

0.7 X 10 

ket’^ 

> 

SMRO^ + SMRCO 

0.2 X 10*^ 

SMRCO 

> 

SMRO- + CO 
z 

0.1 X lo’^ 

KET* 

■> 

Alkene + SMKetone 

0 .2 X lo"^ 

SMKetone 

SMKET* 

> 

SMKET* 

SMRO„ + CH„CO 
2 3 

0 .7 X lO"® 
0 .2 X lo'^ 

SMKET* 

> 

Alkene + Acetone 

0.2 X 10® 

ROOH 

.> 

RO + OH 

0.13 X lO” 
-2 

• RO^ + RH 


ROOH + RO 

0 . 1 X 10 

-2 

SMRO^ + RH 


SMROOH + RO„ 
i 

0.1 X 10 

SMROOH 

> 

SMRO + OH 

0.13 X 10“ 

SMRO + RH 

•> 

SMROH + RO 

0.1 X 10® 

RO + RH 

> 

ROH + RO^ 

6 

0.1 X 10 

RO 

> 

SMRO + Aldehyde 
z 

0.1 X 10® 

KET* + ROOH 

•> 

Ketone + RO + OH 

2 

0.1 X 10 

SMKET* + ROOH 

> 

SMKetone + RO + OH 

0.1 X 10^ 

SMRCO + 0 

> 

SMRCOOO 

0.1 X 10® 

SMRCO + RH 

> 

RO- + Aldehyde 
z 

0.1 X 10® 

SMRCOOO + RH 

> 

SMRCOOOH + RO 

0.1 X 10“^ 

SMRCOOOH 

■> 

SMRCOO + OH 

0.13 X 10‘ 

SMRCOO 

> 

SMRO^ + CO^ 

5 

0.1 X 10 


JPL 955591 — 6 


SMRCOO + RH 

> 

Add + RO- 
2 


0.1 X 10® 

OH + RH 

— 

RO2 + Water 


0 .3 X 10® 

CHgCO + RH 

> 

RO_ + CH^CHO 
2 0 


0.1 X 10® 

CH3CO ^ 0^ 

— 

CH.CXDOO 

0 


0.1 X 10® 
-1 

CH^COOO + RH 
3 


CH^COOOH + RO^ 
3 2 


0.1 X 10 

CH3COOOH 

— 

CH CX)C + OH 


0.13 X 10“‘ 

CH3COO + RH 

> 

CH„COOH -*■ RO^ 
3 2 


0.1 X 10® 

KET* 

SMKET* 

> 

Ketone 

SMKetone 


9 

0 . 1 X 10 
0.1 X 10® 

KET* + 0- 

— 

Ketone + SO^ 


0 . 1 X 10® 

SMKET* + 0 

L 

> 

SMKetone + SO 

2 


0.1 X 10® 

R0„ + RO„ 
2 2 

— 

ROH + Ketone + SO 

2 

0.1 X 10^ 
-1 

RO^ + ROH 

> 

ROOH + Ketone + 

HOO 

0.5 X 10 

HOO + RH 


HOOH + RO 

2 


0.5 X 10 

HOO + RO 

A 

> 

ROOH + SO^ 


0.1 X 10® 

^ - -2 

RO^ + Ketone 


ROOH + PeroJorCO 


0.5 X 10 

-2 

PeroxyCO + RH 


PEROOH + RO 

2 


0.1 X 10 

PEROOH 

' 

PERO + OH 


0.13 X 10 

PERO + RO^ 

> 

DIKetone + ROOH 


0.1 X 10® 
-1 

R0„ + ROOH 
2 


ROOH + Ketone + 

OH 

0.5 X 10 

-2 

RO- + SMROH 


ROOH + Aldehyde 

+ HOO 

0 .5 X 10 

RO + Aldehyde 

— 

ROOH + SMRCO 


0.1 X 10® 

2 2 

> 

ROOR + SO 

2 


0.1 X 10^ 
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so^ - 



0 .6 X 10 

SOg + Alkene - 

> 

ROOH 

0.1 X 10 

RO + Alkene - 
2 

> 

Branch 

0 .5 X 10* 

SMRO^ + Alkene - 

> 

ROOH 

0.5 X 10* 

RO_ + QH - 

It 

> 

ROOH + Q 

\ 

0.1 X 10 

KET* + Q1 " 

> 

Ketone ^ Heat 

0.1 X 10 

ROOH + QD - 

> 

PRODS 

0.1 X 10 


3 

- [0„) = 10 M (constant); SMProduct ■ product from chain cleavage. 



ORIONAL PAOe W 
5f poor quality 
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RH 


ROOM 


loltiatiOQ 



-> 

bv 


- 10 -’ 


hv 

-> 


■O2 




-> ROj- 


KETONE — 


-•10 


-8 


■> ROOH 


k- 

• vnr fast 

^-1 


•> RO- OH 


Propagatloa 


Peroxide chain 


RO' 

OH' 


+ IIH 


ROOH - 
k ~10* 


hv 


Ketoae chain 


(kzto^ 


k -10 

> (ke^ 


. ROH ^ _ 
9 HOH 


•> RO* *► OH* 
*►0. 


£LSt 


© 


k -10® 


Norrish I 
^^0.02 


SMR* **■ SMRCO 




RH/ 


Term ina Cion 


RO.* * RO.* T—^ ROH*** (ketone) •*■ O. 

2 2 ic-10* ^ ^ 2 


ROOR + ^0, 


RO. • + RO. • 

2 2 k - 10 

ROOH 

ROH 

RO.* 1 =j*> RCiOH *► Other products 

2 KETONE ic -10 - 10 

ALDEHTDE 
etc. 


Scheme I. Polyethylene photooxldatlon scheme. 
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accompaoying thermal degradation of the vinyl acetate unite reeults in the evolu- 
tion of acetic acid and generation of un saturation ae menttoned previously. Sub- 
sequent oxidaticm of the unsaturation was reported to produce various c^rb^yl- 
containiog compounds Including aldehydest ketonest esters and ackSs. Againi it 
is apparent that thermal oxidation wiU be limited to the PE moiety at ambient 
temperatures. 

16 

The photooxidation of EVA has been reported cnly by Lugova et al. em- 
ploying UV irradiation in air at room temperature . Their work suggests that the 
oxidation of the ethylene units and the photoreactions of the acetate chromophores 
proceed independently of each other, eseentially in a parallel fa^ion. 

The above results indicate that a geueralized mechanism of photooxida- 
tion of EVA can be constructed using the known polyetiiylene photooxidation 
mechanism as a model for reactions e^qpected to occur in the hydrocarbon por- 
tion of EVA . Similarly, informatkm can be extracted from studies of the photo- 
oxicbtion of PVA and of acrylate polymers which allows formulation of the funda- 
mental photochemical processes eiqMCted for the acetate groups in EVA . Some 
modifications to the present model for polyethylene will therefore be necessary 
to allow for the differences due to substifotion in EVA . 


IV. COMPUTER MODELING RESULTS AND DISCUSSION 


Photooxidation of Amorphous Polyethylene 

Figure 1 shows the general behavior of amorphous poljrethylene on ejqposure 
to different Intensities of UV light. Assuming initiation by 10*^ M ketoi^ grotqjs 
and constant ambient oxygen pressure, the model shows that the C~~H bonds be- 
come oxidised slowly at first and then more rapidly later on. We have used tl^ 
level of 5% C-H bond oxidation to assign a point of feilure which is within the range 
we would anticipate for marked change in mechanical prc^rties. Under typical 
conditions the time to failure ( r^) of the neat polyethylene would be ^ree to four 
months. Product formation and other observations are consistent w.th our experi- 
mental knowledge of PE \Meathering. The only exception Is the high yield of hydro- 
peroxide which we are unable to eliminate in our model predictions and which may 
point to the inadequacy of ejqjerimental methods for mcmitoring -OOH groups in 
oxidised films without furti^r modiffcation. The time to failure is plotted as a 
function oi the intensity of light in Figure 2 where we find the relationship that 
Tf oc I~ ^ , as one would expect for photochemical initiation producing two 
radical species. 


Also, we find that the behavior is almost unaffected by both fee initiator 
type and concentration ( Figure 3) . This is not surprising for an autocatalytic 
process since the result is dominated tty relative rates of props^tion and termina- 
tion. 




i 

I 



0 2 


HGURE 1 



6 8 

Time, months 


tooxidation of unstabilized PE . Time to failure 
varies with light intensi^. 
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FIOUR E 1 . PhotooxldaUon of unstet-Ulied PE . FIGUR E 3 . Pholooxldatloo of mstablUxed PE . 

Time to hUuru as a Auictlon of light Intensi^. Time to hiUure as a funcUoc of Inlltalor Ijnio 

h V and concentration . 

R(X)H — RO* + OH* 
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Two conclusions can be drawn. First, diere has been much lieat generated 
in thi) literature about the relative inportanco of the various possible mechanisms 
for initiation (ketone groups, hydroperoxide, catalyst residues, singlet o^Orgen) 
but the ccmtroveray is practically irrelevant if initiation does not much influence 
the course, rate or extent of photooxidation. Second, in terms of stabilisation, 
minute amounts of photoinitiation will lead to practical failure so that the purifica- 
tion of polymers to minimise the initiating residue is not a practical alternative 
for stabilisation. 

Figure 4 shows the dependence of the time to failure on the rate of propaga- 
tion, i.e., the rate of hydrogen abstraction from the polymer backbone. The log- 
log plot is linear with a negative slope less than unity. The rate of abstracticm of 
“H as in vinyl acetate segments (30%) of EVA, would only be a factor of two to 
three higher than for ^C~H as in PE. The time to foilure in EVA should therefore 
not be very different from PE. (The rate for polyprc^ylene is enhanced by the 
presence of sequences of k::-H allowing extensive intramolecular hydrogen migra- 
tion, hydroperoxide sequences and subsequent reactions .) 

Figure 5 shows the dependence of the time to foilure on the rate of bimolecu- 
lar radical termination which is directly related to difrusion of the polymeric seg- 
ments in the solid matrix. Again the log -log plot is linear with a positive slope 
ttiis time, again less than unity. Increased diffusion shortens the kinetic chain 
length and increases the time to failure. 

The Efrect of Diffusion on Chemical Degradation 

In principle, diffusion in a polymer matrix will affect the rates of all 
the blmolecular reactions to some degree or another. We have treated four 
categories of such reactions. 

1. Small molecule -small molecule reactions . These reactions are almost 
non-existent in the mechanism except for the addition of oxygen to 

small radical fragments such as the acyl radical from type I cleavage of methyl 
ketones. The relatively high solubility of oxygen and the mobility of these small 
molecules in a medium that is essentially equivalent to a very viscous liquid in 
local regions, minimises any special "polymer effect". The other stable small 
molecule product is water which may have effects on electrical properties but 
does not participate in the photooxidation sequence per se. 

2 . Small molecule -polymei "moiety" reactions . Groups formed on the 
backbone of polymer chains (such as ROO* peroxy, RCO keto, RO- 

alkoxy, etc.) do react with "small molecule" species including oxygen and some 
radical fragments. "’•3 effect of the polymer medium apparently is to reduce 
the blmolecular collision (reaction) rates by a factor of about 10"^ relative to 
fluid solution rates, due to the reduced mobility of the chains. 
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3 . Small molecule -polymer ** sol vent" reactions . Many radical reactions 
involve H-atom abstraction from the hydrocarbon backbone of the "solvent" 

polymer matrix. It is likely that all species will have C~*H bonds in the immediate 
vicinity so that there would be no real sensitivity to diffusion and rates would dien 
be similar to fluid solution rates. 

4. Polymer "molety"»-polymer "moiety" reactions . Chemical grotq)s 
formed on the backbone of polymer chains such as peroxy radicals, 

hydroperoxides, ketones, etc. can undergo bimolecular reactions such as dispro- 
portionation, energy transfer etc . Ihe effect of the polymeric medium apparently 
is to reduce the bimolecular rates by a factor of about relative to fluid solu- 
tion rates, due to the reduced mobility of both reactants. 

What we have shown in Figure 5 is that increasing the rates of all the bi- 
molecular reactioas, proportionately and together, causes a net increase in the 
induction time (time to failure) . This result probably reflects the importance of 
the bimolecular termination of polymeric pero^ radicals which can then compete 
more effectively with the hydrc^en abstraction prc^agaUon step, when diffusion is 
increased. 

The Effect of UV Stabilisers and Antioxidants 


Scheme II represents the overall scheme of photooxidation and the various 
categories of stabilisation mechanisms. We have examined each in turn. 

1. UV shield . Effective stabilisation of pottants or cover sheets by UV 
shielding would require absorption by an additive of incident radiation 

at wavelengths below (and only below) the visible (for colorless systems), high 
concentrations (several weight percent for adequate coverage), and chromophores 
of hi gh extinction coefflcient (> 10® cm“^) in very thin films. The additive 

must be capable of harmlessly dissipating the substantial quantities of absorbed 
energy without being destroyed Itself and without sensitisation of oxidation. This 
is the principal mode of stabilisation used at present in the addition of substituted 
hydros benzophenones to EVA (cf., Sprlngborn formulations) . 

2 . Energy transfer to quencher . We added a reaction to allow dissipation 
of the excited ketone with a rate constant comparable to the upper limit 

for a small molecule diffusion in a polymer matrix. 

KET* + Q1 > KETONE + HEAT 

Figure 6 shows that up to IM concentration of quencher had minimal effect 

on the induction time. Such a bimolecular process is just too slow for the fast 
unimolecular reactions of the excited ketone and stabilisation is ineffective . Again 
it would seem that this method per se Wx'>uld not be appropriate for the solar cell 
modules. 
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Scheme II. Stablllaatlon medianlamB 


JPL 955591 — 16 



(s) QOI 


lO 

00 


KET* -»• Q1 ■> Ketone + Heat 




JPL 955591 — 17 


ORIQINAL PAOK tS 
OF POOR QUALITY 

3 . Radical trapping . Additioa of a radical trap which functions much the 
same as in thermal oxidation by scavenging of reactive radicals has 

proved quite effective. 

RO • + QH > ROOH + Q 

^ -7 

For the same value of rate constant as in (2) and for concentrations as low as 10 

M, the photooxidation process was slowed. Figure 7 shows the linear dependence 

of the induction time as the concentration of QH is altered. Note that the trap is 

consumed in the process and the apparent induction time is associated with its 

removal. The stabilisation is less effective for higher intensity because the fester 

photo- or thermal -decomposition of ROOH continues the degradation process. 

4. Decomposition of the hydroperoxide . Addition of the reaction 

ROOH + QD > PRODUCTS 

does prove effective in stabilisation since it interrupts the autocatalytic chain. 
Figure 6 also shows the effect on a log-lc^ scale which Is systematic but not 
linear. 


We therefore anticipate optimum photoprotection for the encapsulant grade 
polymers from a combination of methods (3) and (4) above. Some nickel chelates 
have been known to function in both ways and ought to be considered as candidates 
for FSA applications. Further simulations will be continued as we attempt to 
approach a real life "encapsulation grade" EVA material in the coming year. 

Material Consequences of Photooxidation 

We have during the year begun to monitor the model predictions regarding 
possible "failure" mechanisms: wrinkling, embrittlement, etc. (as a result of 
crosslhiklng and/or scission), discoloration and other effects (due to buildup of 
unsaturated groups) in the polymers. 

1 . Molecular weight chaises . In our model we account for scission of 
polymers by the Norrish type II process: 

O hj; ^ 

-CH -CH -C~CH -CH„ -CH -CH„-C-CH + CH =CH- 

22 22 22 32 

alkene 

and by the less important (3 -processes: 

sec aldehyde 

or RO • •> SMRO^ * + or 

tert ketone 

Likewise, crosslinking is accounted for by the Russell mechanism for peroxy 
radical termination; 
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and by the addition of peroxy radicals to the alkene ends formed in the Norrish 
type Q process: 
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Figures 8, 9 and 10 show the changes in alkene, ROOR crosslinks and 
branch products, respectively, as a function of time with and without stabilisers. 
Assuming a density of 0.9 and a molecular weight of 100,000 for the polymer, 
our calculations suggest that at 10% RH oxidation, about 6% of the polymer mole- 
cules have branch points, whereas about 2% have ROOR crosslinks and somewhat 
less have undergone cleavage to form the alkene. Since the concentration of branch 
points is highest, the model does account for tiie net effect of an Increase in molecu 
lar weight. 


To make more quiuititative estimates of changes in average molecular 
weights, crosslink densities or gel dose, we need more information on molecular 
weight distribution which is not available at the present time. 

However, the model does suggest that for a partially crossllnked polymer 
where the physical properties are not steep functions of crosslink density, we are 
unlikely to find such changes as an important failure mode in FSA applications, 
especially if we effectively arrest the photoox Ida tive processes with appropriate 
shiblli^rs. 

2. Discoloration , it is commonly observed that extensive photooxidation 
leads to discoloration t "yellowing") of hydrocarbon polymers. We account for this 
in our mechanistic model by a series of reactions leading to the formation of diketone: 
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The absorption ^ectrum of the diketones (cf. biacetyl in Figure 11) ^ows absorp- 
tion in the blue-violet region leading to a yellow color. Model calcaUtions give 
us the chai^ in absorbance ( maximum) for a 0 .1 cm film during extensive photo- 
oxidation (Figure 12) . The net effect is that about 0 .1% of die light is absorbed 
at the peak after 5% oxidation and less than 0.5% even at 30% oxidation levels (i.e., 
cf. RH removal) . It is known that about 10% of solar energy lies in this region of 
diiratone absorption (400 - 450 nm) . This means that less than 0 .01% of energy 
loss will occur due to yellowing up to 5% oxidation. 

We have concluded from the model that if only diketone is responsible for the 
yellowing effect, then the energy loss (power loss) due to polymer light absorption 
will not be a significant mode of failure for photovoltaic s in FSA applicatimis . 


Further Observations 


1. Model stabilisers . Our results to date have suggested that the "ideal" 
stabiliser for the polymers in photovoltaic applications might best func- 
tion as peroxy radical traps and also as hydroperoxide ^composers. The sta- 
biliser would also be photostable itself and highly compatible with the polymers 
for efiicient diversion during formulation. Some Ni(II) chelates (such as Ni(II) 
di-n-butylthiocarbamate) and substituted benzophenones (such as 2-hydro3Qr-4- 
dodecylo^QTbenzophenone) may be good candidates. 

For effective stabilisation to 20 years, our model suggests that a molecu- 
lar concentration of 10**^ M would be adequate. This corre^onds to 10~^ wt-%, 
assuming a molecular weight of about 400 for the stabiliser. The model results 
to date show that for each 1 x 10~^ wt-% of stabiliser the time to failure increases 
by two years systematically. In typical commercial practice, stabiliser loadings 
are much higher (0.1-1% and even higher for polyolefins), possibly because of 
the inability to formulate such a stabilizer . 
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2 . The lifetime of peroxv radicals . We looked at the decay of peroxy radicals 
In the dark by removing all photochemical steps from our reaction sequence. 
The decay Is blmolecular and we monitored die time to decrease to (xie -third the 
original vali» IRO 2 *] as a function of the latter. The results show a linear inverse 
dependence with lifetimes up to many hours (Figure 13) . We eiqiect to follow this 
up AnH reproduce theoretically some of the recent experimental results on the ESR 
decay studies of peroxy radicals in polymers done by Dr Amitava Gupta and his 
colleagues at JPL. This may provide an excellent verification probe of our model 
to increase the level of confidence in its predictions. 
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